ABSTRACT Massive multiple-input multiple-output (MIMO) systems with wireless backhaul networks have been considered as a candidate technology for 5G. Despite their potential, these systems still require improvement in areas such as resource allocation and interference management. In this paper, we derive a closed-form lower bound ergodic downlink rate expression for training-based multicell massive MIMO systems with full duplex wireless backhaul networks. We also propose a wireless backhaul link selection method, in which only certain access points will be activated and only certain users will use wireless backhaul links. The results show that the wireless backhaul with a link selection method can improve the downlink rate compared to other methods. The downlink rate of the minimum rate users can be significantly improved by prioritizing the wireless backhaul links for the minimum rate users. Power analysis shows that there is concave relationship between access point transmit power and median downlink rate. The results also show that the optimum access point transmit power is much lower than the standard transmit power from the users and base station. Additional investigation shows that users are more likely to use backhaul links when they are located farther from the base station. We also demonstrate that as the number of spatial multiplexed users increases, the performance improvement provided by wireless backhaul system decreases.
I. INTRODUCTION
Multiple antennas system is one of the widely investigated method to improve spectral efficiency of a wireless transmission system [1] , [2] . This method, which is also commonly known as MIMO system, uses spatial diversity to increase signal to noise power ratio at the target receiver. The performance of MIMO can be further enhanced by increasing the number of antennas to a massive scale. The so-called massive MIMO system has been extensively studied [3] - [7] and proven in field tests [8] , [9] .
It is also possible to further improve the transmission rate by combining a massive MIMO system with other transmission methods. Specifically, we can achieve a higher data rate by using a higher density of access points (APs) [10] . High density APs have been used in small cell systems, heterogeneous networks and distributed antenna systems [11] - [13] . In these systems, each of the APs must be connected to a central processing unit, which can be set up by using either wired backhaul [12] , [13] or wireless backhaul (WB) connections [14] - [17] . In a WB system, a main base station (BS) typically functions as a backhaul link provider to multiple APs within the cell coverage. The concept of WB is also associated with the relay systems in which a source signal can transfer data indirectly to the destination via relays, which act as nodes [18] . Even though it is well-known that wired connections are more reliable than wireless connections, a wireless backhaul system is still advantageous in term of flexibility because the APs can be easily added or relocated within the cell without the need to set up costly wired backhaul connections [16] .
In [14] - [17] , a massive MIMO system with a WB network was considered for use in the next-generation wireless standard. However, the system has certain issues that require some attention such as resource allocation for the backhaul links and interference management between the BSs, APs and user equipments (UEs) [16] . In [19] - [21] , bandwidth and time resource allocation for WB systems were studied. However, these studies did not use the full duplex backhaul system. In the full-duplex system, an AP can transmit and receive the signal using the same time-frequency resources, which can potentially improve the spectral efficiency [16] . In [22] , the effectiveness of the full duplex WB was investigated, whereas in [23] , a heterogeneous network architecture with the full duplex system was proposed and analyzed. These works assumed a single main cell scenario with perfect channel estimation. In [24] , stochastic geometry was used to examine the performance of a WB in the multicell scenario. The performance of the full duplex system with interference cancellation was analyzed in [25] . In [26] , tradeoff between wired and wireless backhaul in heterogeneous cellular networks was investigated. Joint cell association and wireless backhaul bandwidth allocation was studied in [27] . Even though these studies used full duplex WB systems, they did not investigate downlink rate with imperfect channel estimation. In addition, they did not consider the impact of large number of APs in the system. To include the WB system in a massive MIMO system with a high number of transceiver devices, an appropriate link allocation method must be applied in order to manage the inter-device interference.
Our contributions are summarized as follow:
• We derive a closed form lower bound ergodic downlink rate for the training-based massive MIMO system with full duplex WB networks and self-interference cancellation at the AP in the multicell system. Training-based model in WB systems had also been previously investigated [19] , [20] . However, they used separate frequency band for direct and indirect transmission. The impact of full-duplex (in-band) WB system had been investigated in [21] - [27] . However, these recent studies used perfect channel knowledge assumption with no pilot contamination.
• We propose a UE-AP-BS link selection algorithm. In contrast to the recent investigations of full-duplex WB systems [21] - [27] , we use AP link selection method that considers the impact of large number of APs available in the system. To ensure fairness, the algorithm takes into account the interference effect of the AP transmission on the downlink rate of every UE in the cell.
• We investigate the impact of AP transmit power level on the performance of the WB system. We also analyze the impact of the distance of the UEs from the BS and number of the UEs on the performance of the WB system. The rest of the paper is arranged as follows. Section II covers the system model. Section III-A derives the received downlink data signal at a UE and an AP. This is followed by the closed form ergodic sum rate derivation for direct and indirect links in Section III-B. Section IV investigates the link selection algorithm. Numerical results are given in Section V. The conclusion is provided in Section VI.
Notation: Boldface lowercase and uppercase symbols represent vectors and matrices, I N is the N × N identity matrix, (·) T is the matrix transpose, (·) H is the Hermitian transpose, |·| is the absolute value, · is the two-norm, E [·] is the expectation, ∈ is the subset of, {·} k is the k-th element of a vector, and CN (a, b) is a circularly symmetric complex Gaussian random variable with mean a and variance b.
II. SYSTEM MODEL
A multicell system is used with each cell containing multiple APs and one BS. The UE is equipped with one antenna which can receive data by using either a direct link from the BS or an indirect link through the AP connection, as shown in Figure 1 . Each BS has M antennas, while each AP has D transmitter antennas and one receiver antenna. We set the AP to be able to transmit and receive data at the same time-frequency with the capability of self-interference cancellation at the receiver. Note that for better organization, we will specifically use l, q, and k variables for cell number, AP number and UE number, respectively. The BSs, APs and UEs index number in a certain cell is defined as follows:
-Bl: BS in cell l, -lq: AP q in cell l, and -lk: UE k in cell l . Note that in this paper, will also add prime symbol ( ) on the index variables (e.g. l , q , and k ) to differentiate certain cell or device with other cell or device that may have different index number. Figure 1 shows an example of the positions of the BS, APs and UEs in a cell. The BS is located at the center of the hexagonal cell, while UEs and APs are located randomly within the cells. There are K number of UEs in each cell. In the system model, not all UEs will use AP connection. In addition, only certain APs will be activated and linked to the BS. Hence, these devices are categorized using a list of sets that are defined as follows:
-K l is a list of all active UEs in cell l, -K Bl is a list of the UEs linked to BS l, -K Ql is a list of the UEs linked to APs in cell l, -Q l is a list of all available APs in cell l, -Q Bl is a list of all APs linked to BS l, -k q is a UE linked to AP q of the same cell, and -L l is a list of cells located nearby cell l. In this research, each UE cannot use both direct and indirect links to the BS at the same time-frequency, which means k q ∩ K Bl = ∅. The reason is because each AP use decode and forward method. In such system, the coded and modulated signal received at the AP from the BS will be decoded and re-coded at the AP before retransmission. Hence, even if the original data is the same, the transmitted signals from the BS is not the same as that of from the AP due to the difference in coding and modulation. Having said that, it is still possible to use both direct and indirect link at the same time-frequency by using amplify and forward method because there is no data decoding at the AP from using this method. Amplify and forward method is not within the scope of this paper and can potentially be included in future research. We also set that each of the activated AP is linked to only one UE.
The general channel model is defined as g = √ βh, where β is large scale fading coefficient and h is a 1 × N small scale fading vector with a CN (0,I N ) distribution (no antenna correlation). We use a block fading channel, meaning that h stays constant within one coherence block, while different coherence blocks have independent values of h [28] . β is assumed to be constant for many coherence time blocks [29] . β is calculated using a distance-based fading formula, which is further discussed in the results section. In this research, we assume that the BSs and APs know the values of β. The channel variables between specific transceivers are defined as follow:
between UE l k and BS l, -g lq,l k = β lq,l k h lq,l k is a 1×D channel value between UE l k and AP lq, and -g lq,l q = β lq,l q h lq,l q is a 1 × D channel value between AP l q and AP lq. We use the OFDM transmission system. Each coherence block consists of an uplink pilot (transmitted from the UE during the training phase) and downlink data (transmitted from both the BS and AP), as shown in Figure 2 . The uplink pilot and downlink data transmission are completely synchronized to all devices in all cells. The channel is estimated at each BS and AP using the uplink pilot received from the UEs. Then, the estimated channel is used to beamform the downlink data to the target UEs. The transmission method in Figure 2 is used in time division duplex system (TDD) massive MIMO system where the uplink pilot phase from UE is followed by downlink data phase from BS [30] . To achieve this, we use channel reciprocity assumption where the uplink channel is the same as the downlink channel in a single coherence block. During the downlink data transmission, we assume that there will be one OFDM symbol delay at the BS to allow for the channel estimation processing time [30] . There will also be also one additional OFDM symbol delays at the AP after receiving data signal from BS to allow for decode-andforward processing time.
III. DOWNLINK RATE A. DATA SIGNAL AT THE RECEIVERS
In this section, in order to complete the derivation of the downlink rate, we obtain the expressions for the data signal at the UE and at the AP receiver.
1) DATA SIGNAL RECEIVED AT THE UE
The data signal received at UE lk during the downlink transmission phase is illustrated in Figure 3 . Note that the received signal includes the interference signal. The total signal received at UE lk during this phase can be expressed as where, -P B is the average normalized transmit power from the BS, -P A is the average normalized transmit power from the AP, -b Bl is the M × 1 transmitted signal from BS l , -b l q is the D × 1 transmitted signal from AP l q , and -w lk is the noise at UE lk with CN (0, 1) distribution. The transmitted signal from the BS, b Bl , contains the downlink data targeted to all UEs and APs linked to the BS.
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The transmitted signal from the AP, b l q , contains downlink data targeted to a specific UE linked to the AP. These signals are the multiplication of the power coefficient, the beamforming vector and the data. The beamforming vector from the BS to UE is the Hermitian transpose of the estimated channel (matched filter beamforming). We assume that the BS has perfect channel knowledge between the BS and APs because the APs are located at fixed positions. This means that the beamforming vector from the BS to AP will be the Hermitian transpose of its exact channel. Therefore, these signals can be expanded as b Bl = Data transmitted to all UEs linked to BS l + Data transmitted to all APs linked to BS l
where -ĝ Bl ,l k is the estimated channels from BS l to UE l k , -ĝ l q ,l k q is the estimated channels from AP l q to UE l k q , -ρ Bl k is the power coefficient from BS l to UE l k , -ρ Bl q is the power coefficient from BS l to AP l q , -ρ l q k q is the power coefficient from AP l q to UE l k q , -d Bl k is the transmitted data from BS l to UE l k with
The estimated channels,ĝ Bl ,l k andĝ l q ,l k q , are derived in Appendix A. The following power coefficients are used in order to ensure that the average transmitted power at the BS and APs are P B and P A , respectively.
where γ Bl,lk and γ lq,lk are defined (41) and (46), respectively, in Appendix A. Substituting (2) and (3) into (1),
we obtain
2) DATA SIGNAL RECEIVED AT THE AP Figure 4 shows the received signal at AP lq during the downlink transmission phase, which includes the interference. The total downlink data received at AP lq will be similar to (7), but with lq replacing lk. Therefore, In a full duplex AP system, the AP can transmit and receive data at the same time, giving rise to self-interference. This interference can be very large if the transmitter and receiver of the same AP are located very close to each other. To reduce such interference, self-interference cancellation (SIC) can be applied [31] . The basic idea of SIC is that the receiver can calculate the expected self-interference signal value and then subtract the value from the received signal. To achieve this, the AP receiver must know the transmitted signal value from the transmitter of the same AP and the CSI between the transmitter and the receiver. However, SIC may not be completely effective due to various factors such as measurement inaccuracy and noise [32] . To include this effect, we define σ as the SIC effectiveness coefficient, where σ = 1 means that the interference is completely canceled, whereas σ = 0 means zero interference cancellation. By including SIC in the downlink data received at AP lq, (8) becomeś
where lq is the SIC error with a CN (0, P A ρ lqk q β lq,lq γ lq,lk q D) distribution. Note that the variance of lq is set so that the expected power of the SIC signal is equal to the expected power of the actual self-interference signal.
Using (9), we can expand (8) an obtaiń
B. DOWNLINK RATE
In this section, we derive the downlink rate at the UE using a direct transmission link from the BS and an indirect transmission link from the AP (WB link).
1) DIRECT DOWNLINK RATE
To derive the downlink rate, we need to determine the desired signal at the UE receiver from the BS. The effective desired signal, using the lower bound rate method [33] , from BS l to UE lk can be expressed as
The interference signal at UE lk is defined as the total signal received at UE lk minus the desired signal,
From (11) and (12), we derive the direct downlink rate in Theorem 1.
Theorem 1:
The lower bound ergodic downlink rate for a direct link from BS l to UE lk is given as
where S BS→UE (l, k) and N BS→UE (l, k) are given in (14) and (15), as shown at the bottom of this page, respectively, and α is the data size to coherence frame size ratio (training overhead loss effect).
Proof: See Appendix B.
2) INDIRECT DOWNLINK RATE
For indirect transmission in a decode-and-forward AP system, the data are decoded at the AP after BS transmission followed by data retransmission from the AP to UE. Due to the presence of 2 different transmissions, we need to derive 2 separate downlink rates. Similar to the direct downlink rate derivation, we use the lower bound derivation method to obtain the effective desired signal and the interference signal. Using the received data at the UE in (7) and the received data at the AP in (10), as well as the lower bound ergodic rate theorem [33] , the desired signal and interference signal at the UE and AP can be expressed as
where D AP→UE,lk q and I AP→UE,lk q are the desired and interference signals from AP lq to UE lk q , respectively, and
BSs signal power to UEs (direct link)
BSs signal power to APs (indirect link)
APs signal power to UEs (indirect link)
where 
where
S BS→AP (l, q), N BS→AP (l, q), S AP→UE (l, k q ), and N AP→UE (l, k q ) are given in (26), (27) , (28) and (29), as shown at the bottom of this page, respectively. Proof: See Appendix C. Combining both direct and indirect transmissions, the downlink rate for UE lk can be generalized as
where C Direct (l, k) is given in (13), while C Indirect (l, k) is given in (23).
IV. LINKS SELECTION ALGORITHM
In this section, we describe the UE-AP-BS-link selection method. In the case of large number of APs present in the system, decisions must be made on which of the APs will be used for WB transmission. In this research, our aim is to not only increase the overall downlink rate but also prioritize the backhaul link allocation to the UE with the lowest downlink rate.
Initially, we assume all UEs use direct link to the BS (no wireless backhaul). From there, we calculate the downlink rate of each UEs and search the lowest rate UEs, as follows
We termed the method in (31) as minimum rate priority (MRP). Once the lowest rate UE is identified, the UE is connected with the best available AP link, which will be based on the highest large scale fading coefficient between the AP and the UE, as shown in (32) .
While the use of the AP may improve the downlink rate of the target UE, the activation of a new AP transmission will add an interference signal to the system and reduce the downlink rate of other UEs. To ensure fairness, the rate reduction in other UEs must not exceed a certain limit. Therefore, the AP can only be activated if condition (33) is fulfilled.
where ϑ is defined as the maximum limit of the rate reduction ratio when a new AP is activated, C current (l, k) is the rate for UE lk before the new AP is activated, and C new (l, k) is the rate for UE lk after the new AP is activated. The same link allocation and condition testing is then repeated for UEs with the next lowest rates. The algorithm is terminated once all UEs are processed.
To complete the link selection algorithm, we define a set function that contains the downlink rate for all UEs in cell l, which is a combination of direct and indirect links, as follows: (34) where C(l, k) is defined in (30) . The details of the WB link selection algorithm are provided in Algorithm 1. The final
where N 1,lk q , N 2,lk q and N 3,lk q are given in (16), (17) and (18), as shown at the bottom of the previous page, respectively. VOLUME 6, 2018
output list of the downlink rates for all UEs is R new . Since the condition testing is done for every UEs in the cell, hence the number of iteration for the while loop is at constant value of K .
V. RESULTS
We use a hexagonal multicell system where each cell surrounded by 6 adjacent cells and each cells has 1 km radius. Large scale fading coefficient is defined as β = z · b, where z is the shadowing effect, and b is the path loss value between the transmitter and the receiver. For the shadowing, we use z = 10 v·x 10 , where v is the shadowing variance, which is set to 8, and x is a random normal distribution. We assume no shadowing effect within 50 m distance of transmission. The path loss is defined as b = 10 −PL 10 . To obtain the value for PL, we use similar path loss model and values as in [29] , whose model is based on the Hata-COST231 model and is given by PL = 46.3 + 33.9 log 10 (f ) − 13.82 log 10 (h BS ) − (1.1 log 10 (f ) − 0.7)h UE + 1.56 log 10 (f ) − 0.8 where f , h BS and h UE are defined in Table 1 . Note that to obtain the path loss between the AP and other devices, we can replace either h BS or h UE with the AP height, h AP . ξ (d) is the path loss variable that depends on the distance between the transmitter and the receiver, d (in km). For this variable, we use the 3 slope model [34] :
where d 0 and d 1 are 0.01 km and 0.05 km, respectively. The UE and BS transmit power in Table 1 are based on 3GPP standard [35] . The noise power can be calculated by using P N = kT 0 BN F , where k b , T 0 , B, and N F are defined in Table 1 . The normalized downlink data and uplink pilot power, P B and P U , are calculated by dividing the respective power values in Table 1 with P N . The downlink rate results are obtained using (30) together with the backhaul link selection described in Algorithm 1. We set the maximum limit of the rate reduction ratio as ϑ = 0.1, meaning that the backhaul
Algorithm 1 Selection Algorithm for WB Link
Input: K l , Q l , M , D, pilot and β values.
Initialize: (Assume no AP connections)
K Bl = K l , K list = K l , Q inactive = Q l , Q Bl = ∅, K Ql = ∅, K (new) Bl = K Bl , Q (new) Bl = Q Bl , K (new) Ql = K Ql , R original = R(K Bl , Q Bl , K Ql ), R current = R original ,
Perform backhaul link allocation:
while K list = ∅ do k min = argmin k∈K list ({R original } k ), q best = argmax q∈Q inactive (β lq,lk min ), Delete k min from K list , Delete k min from K (new) Bl , Add k min to K (new) Ql , Add q best to Q (new) Bl ,
Update the list of the downlink rates for all UEs based on the new link allocation:
R new = R K (new) Bl , Q (new) Bl , K (new) Ql ,
Perform condition testing for rate reduction limit:
Condition A:
Condition B:
if Conditions A and B are true then
connection cannot be established if it reduces the downlink rate of other UEs by more than 10%. We also assume that the SIC effectiveness coefficient is σ = 0.99. We use 10 UEs and 50 APs per cell, with 100 antennas at each BS, 1 receiver and 10 transmitter antennas at each AP.
In the first test, we compare the downlink rate performances of the transmission methods with and without wireless backhaul links (WBLs). For transmission using WBL, we use AP transmit power of 30 dBm, 24 dBm and 15 dBm. We also include the downlink rate of the link selection method without minimum rate priority (MRP). In the case of the WB system without using the selection algorithm (SA), all UEs are linked to the best available APs. We assume that the overhead size difference between the transmission with and without the WB is negligible. Hence, we exclude the overhead loss in the downlink rate performance comparison. The UEs and APs are located randomly with uniform probability throughout the cells, and the downlink rate values for all UEs are calculated using (30) for every random location drop. Note that each UE will be allocated to the cell which has the largest large scale fading coefficient between the UE and the BS because UE cell allocation will be based on power level between the UE and the BS [36] . Due to random locations drop and shadowing effect, the downlink rate will have certain distribution. The distribution of downlink rate values are calculated numerically using simulation across many random UEs and APs locations drop. The complementary cumulative distribution function (CCDF) of the downlink rates are shown in Figure 5 . The results in Figure 5 show that the WBLs using the proposed algorithm are more likely to achieve a higher rate than the method without WBL or selection algorithm. To get some idea on the performance differences, we use the median of the downlink rate which can be obtain from Figure 5 when the CCDF is equal to 0.5. Compared to the transmission without WBLs, the median downlink rate for WBL with SA and MRP increases by a factor of 0.4, 0.78 and 1.07 for 30 dBm, 24 dBm and 15 dBm AP transmit power, respectively. The median downlink rate for WBL with SA but without MRP using 15 dBm transmit power increased by a factor of 0.99 compared to the transmission without WBL. The results show that higher AP transmit power does not necessarily results to better performance. This is because when the transmit power is too large, this creates high interference toward other UEs which may results to the reduction of overall downlink rate. The results also show that the downlink rates using the WBLs without the SA (all UEs use backhaul links) are significantly lower than other methods. This is due to the lack of appropriate backhaul allocation method which leads to the introduction of too many backhaul transmissions. This condition has resulted to a large increase in the interference signal and significantly reduces the overall downlink rates. Hence, the WBLs can only improve the data rate when a proper link allocation method is used along with suitable AP transmit power.
In the following test, we investigate the impact of the WBL system specifically on the minimum downlink rate UE. To generate this results, we use similar method to that of in Figure 5 . However, instead of using downlink rates of every UEs in the cell, we only use the lowest downlink rate UE in each cell to form the CCDF graph as shown in Figure 6 . The results show that the WBLs using the proposed algorithm are more likely to achieve a higher minimum downlink rate compares to the algorithm without WBLs. Compared to the transmission without WBLs, the median downlink rate for WBL with SA and MRP increases by a factor of 4.23, 9.17 and 13.74 for 30 dBm, 24 dBm and 15 dBm AP transmit power, respectively. The median downlink rate for WBL with SA but without MRP using 15 dBm transmit power increased by a factor of 1.84 compared to the transmission without WBL. To summarize, the WBL system with the selection algorithm together with appropriate AP transmit power and minimum rate priority can significantly improve the minimum downlink rate.
In Figure 5 and 6, we have already seen the impact of AP transmit power on the downlink rate. Next we investigate in more detail the impact of wider range of AP transmit power on the downlink rate performance for various number of UEs. The median of the downlink rate can be obtained from the CCDF of downlink rate graph when the CCDF is equal to 0.5. The results in Figure 7 show that there is a concave relationship between AP transmit power and the median of downlink rate. The highest median of downlink rate has AP transmit power of 17.5 dBm, 15 dBm and 12.5 dBm for 5, 10 and 20 UEs, respectively. This results confirms why AP transmit power of 15 dBm in Figure 5 has the best downlink performance. Hence, we can use the simulation results in order to estimate the optimum AP transmit power. The result also shows optimum AP transmit power is very low compared VOLUME 6, 2018 to BS and UE transmit power which is 46 dBm and 24 dBm, respectively, according to the 3GPP standard [35] . This is an important finding because the AP placement becomes more flexible due to the fact that it only requires a low power source in order to operate optimally, in addition to not requiring wired backhaul connection. The results also show that a larger number of UEs results to a lower optimum AP transmit power. This is because as the number of UEs increases, the AP signals are more likely to interfere with other UEs. As a result, the AP transmit power needs to be lowered in order to reduce the interference. Note that in order to practically apply the power optimization, we do not need to re-simulate the results and search the optimum power every time when there are changes in the parameters. Since we are using long term median of downlink rate as our performance benchmark, we can use the previously generated results that have the same parameters and apply the same optimum power level. In addition, even when there are big changes in the number of UEs, we can see that the shift in the optimum AP transmit power in Figure 7 are not significant (ranged from 12.5 dBm to 17.5 dBm). Hence, the optimum AP transmit power is quite robust against the changes in parameters.
In the following simulation, we analyze the impact of the distance of UE from the BS on the backhaul link allocation. We use 10 UEs in eah cell. The probability of UEs to use WBLs is obtained by calculating the average number of UEs that use WBLs at a certain distance divided by the average total number of UEs at the same distance. By using computer simulation, the average number of UEs using WBLs are calculated numerically across many randomly generated UEs locations. The results are shown in Figure 8 . The figure shows that UEs are generally more likely to use WBLs when they are located farther from the BS. This is because a UE far from the BS has a much lower SINR compared to a UE near the BS. Hence, due to the MRP method, the UE far from the BS is more likely to use WBLs in order to improve its SINR. We also extend this investigation to analyze the impact of the distance on the downlink rate, as shown in Figure 9 . 8. Probability of UEs using wireless backhaul links (WBLs) vs. the distance from the BS for wireless backhaul links (WBLs) with the selection algorithm (SA) and minimum rate priority (MRP) and various AP transmit power (P A ).
FIGURE 9.
Median downlink rate vs. the distance of a UE from the BS for wireless backhaul links (WBLs) with the selection algorithm (SA) and minimum rate priority (MRP) and various AP transmit power (P A ).
The results in Figure 9 are as expected because, as mentioned in the discussion of Figure 8 , the UEs located farther from the BS are more likely to use WBLs and improve their transmission rate. The results also show that WBLs with 15 dBm AP transmit power has the best improvement because this is the optimum AP transit power for 10 UEs per cell, as discussed in Figure 7 .
Next, we investigate the effectiveness of WBLs with the SA and MRP for various numbers of UEs and optimum AP transmit power. To assist the analysis, we measure the performance in term of the median of lower bound rate improvement, which is defined as follows:
Median of lower bound rate with WBLs Median of lower bound rate without WBLs .
The results in Figure 10 show that larger number of UEs leads to lower improvement. For example, when the number of UEs increases from 5 to 20, the median rate improvement for the minimum rate UE decreases from 22 to 7.4. Even though the improvement provided by the WBLs when K = 20 is still significant, the declining trend is clear. This is because when the number of UEs increases, the backhaul transmission is more likely to interfere with other UEs. As a result, the overall WBL becomes less effective when the number of UEs increases.
VI. CONCLUSION
In this paper, a closed form lower bound ergodic downlink rate expression is derived for training-based multicell massive MIMO systems with full duplex WB networks. A backhaul link selection method is proposed in which only certain APs will be activated and only certain UEs will use the WB connection. The results show that the WB method with selection algorithm can achieve higher downlink rates compared to other methods. We also show that by prioritizing the backhaul links to the minimum rate UEs, the median downlink rate of the minimum rate UE is significantly higher compared to the system without WB. We also shows that there is concave relationship between AP transmit power and the median of downlink rate. Furthermore, we show that the optimum AP transmit power is significantly lower than the standard transmit power from the BS and UE. Additional analysis shows that UEs located farther from the base station are more likely to use the WB connection and show a higher downlink rate improvement. Further investigation shows that the performance improvement provided by the WB method decreases when the number of spatial multiplexed UEs increases.
APPENDIX A CHANNEL ESTIMATION
The estimated channel is used to create a beamforming vector at the transmitter to overcome the channel distortion during downlink transmission. The MMSE channel estimation is derived based on the lower bound ergodic downlink rate theorem [33] . Since the BS and AP will transmit the downlink signal, the channel estimation must be done at each BS and AP using the uplink pilot received from the UEs during the training phase. We define φ lk as a τ × 1 pilot transmitted by UE lk. τ is the total length of the pilot in one coherence transmission block. Different pilot sequences are orthogonal to each other to avoid pilot contamination. The pilots are set to have the following properties:
The pilot length is equal to the number of UEs per cell. We set all UEs in the same cell to have different orthogonal pilot sequences, but UEs in different cells can use the same pilot. Hence, the results will still contain the intercell pilot contamination effect.
A. CHANNEL ESTIMATION AT THE BS Figure 11 illustrates the pilot signal received at BS l from the UEs of the same and neighboring cells during the training phase. During this phase, all active UEs transmit an uplink pilot. Therefore, the total pilot signal received at BS l during this phase is
FIGURE 11. Uplink pilot signal received at BS l during the training phase in the multicell system.
where -P U is the average normalized transmit power from the UE, and -W Bl is τ × M noise at BS cell l, where each element has a CN (0, 1) independent distribution. To estimate the channel between UE lk and BS l, we find the projection of the received pilot signal at BS l, Y Bl , onto the transmitted pilot signal from UE lk, φ lk , as follows [37] :
Using (38) , the MMSE channel estimation [38] between BS l and UE lk is given bŷ
The covariance ofĝ Bl,lk is
where γ Bl,lk = P U τ 2 β 2
Bl,lk
B. CHANNEL ESTIMATION AT THE AP
The uplink pilot signal received at AP lq from the UEs in the same and neighboring cells during the training phase is illustrated in Figure 12 . Similar to the channel estimation at the BS, the AP will receive pilot signal from all UEs. Therefore, the total pilot signal received at AP lq can be expressed as where W lq is τ × D noise at AP lq, where each element has a CN (0, 1) independent distribution. The projection of the received signal Y lq to the pilot φ lk is given by
Using (43), the MMSE channel estimation between AP lq and UE lk isĝ
The covariance ofĝ lq,lk is
where γ lq,lk = P U τ 2 β 2 lq,lk
APPENDIX B PROOF OF DOWNLINK RATE FOR DIRECT LINK
The general formula for the lower bound ergodic downlink rate theorem is given as [33] C = log 2 1 + Desired signal power Interference signal power .
The desired and interference signal power in (47) can be obtained using the expectation of the squared absolute values of the signals. Hence, by using (11), along with covariance (41) and expectation properties in (59), we can express the desired signal power from the BS to UE lk as
Using (7), (11) and (12), along with the fact that data signals from different transmitters are uncorrelated [29] , we can derive the interference signal power as
Next we find the closed form solutions for the expectation terms N 1,lk , N 2,lk and N 3,lk in (49). N 1,lk can be expanded using (38) and (39), and we obtain
In (50), g Bl ,lk and g Bl ,l 1 k 1 are not correlated. Using the expectation properties in (60) and (61), we can solve the expectation terms in (50) to obtain
For N 2,lk in (49), g Bl ,lk and g Bl ,l q are not correlated. Therefore, we can use the expectation properties in (61) and obtain N 2,lk = β Bl ,lk β Bl ,l q M .
For N 3,lk , the derivation will be similar to N 1,lk in (51), but using M = D and replacing Bl with l q . As a result, we obtain
Substituting (48), (49), (51), (52), and (53) into (47), the lower bound ergodic downlink rate from BS l to UE lk becomes (13) .
APPENDIX C PROOF OF DOWNLINK RATE FOR INDIRECT LINK
To obtain the desired and interference signal power from the AP to UE and the BS to UE, we use the lower bound ergodic method similar to Appendix B. 
The total received data signal equation for the AP to UE link will be the same as to that of the BS to UE. This means that we can reuse the derivation in (49) to obtain the interference equation. However, since the effective desired signal is different, we must replace S BS→UE (l, k) in (49) with S AP→UE (l, k q ) in (54). Hence, the interference signal power can be written as 
From (10) and (22) 
Substituting (56) and (58) into (47), the downlink rate from BS l to AP lq becomes (25) .
APPENDIX D EXPECTATION PROPERTIES
In this section, we describe some of the expectation properties used to derive the downlink rate. We define two random complex Gaussian vectors as
